ABSTRACT 129 Xe NMR of adsorbed xenon gas is a sensitive tool for the characterization of porous materials.
Introduction
Cement is a binder used in the production of mortar and concrete [1] . The shale gas methane is becoming an increasingly important, unconventional source of energy in the world [2, 3, 4, 5] . One of the most important characteristics of both cement and shale is the pore structure of the material.
Pores have a dominating effect on the strength of cement, and they influence the transport properties, permeability and durability. In the case of gas shale, the micro-and mesoporous structure not only facilitates the adsorption and preservation of the gases, but also poses significant difficulties in the gas extraction. Therefore, it is very important to be able to characterize the pore structures of these materials.
Standard methods such as mercury intrusion porosimetry (MIP), microscopic techniques (TEM, SEM and FESEM), as well as small-angle X-ray and neutron scattering (SAXS and SANS), are very useful in the characterization of porous media, but they have also some limitations and they may be invasive and perturbing [6] . For example, in the MIP technique, requires the high pressures applied for (toxic) mercury invasion may perturb and damage the pore structure of the sample. The technique measures the size of the pore throat (entrance or interconnection regions between the pores), instead of the true volume within the pore. Obtaining high (below one nanometer) resolution with TEM or FESEM requires cutting the sample into slices with a thickness of only a few nanometers, which is very challenging. Without this kind of cutting, the resolution remains limited to typically >500 nm features, and the images do not provide information about micro-and mesopores.
Nuclear magnetic resonance (NMR) spectroscopy is a sensitive, noninvasive tool to probe the local physicochemical environments and dynamical processes at the atomic and molecular level [7] .
It has also been applied to investigate the local structural features of minerals and the geochemical processes [8, 9, 10] . Diffusion, relaxation, NMR cryoporometry (NMRC) and magnetic resonance imaging (MRI) measurements of fluids adsorbed in porous materials provide detailed information 4 about the pore size distribution, morphology, transport and adsorption phenomena, as well as chemical exchange [11, 12, 13, 14, 15, 16, 17] . NMR relaxometry has been exploited to characterize porous structures of cements and shale [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33] . Variabletemperature MRI of freezing water was also successfully employed to observe the spatially resolved pore size distribution in cements [34] . Pipilikaki and Beazi-Katsioti [35] investigated the porous structure in blended cements with different proportions of limestone, by means of MIP and NMR cryoporometry. Heterogeneity and paramagnetic iron oxide impurities of cement and shale samples lead to a rapid decay of the NMR signal and can render NMR analysis challenging. For example in Ref. [36] , relaxation time distributions of various shale samples appeared to be independent of the sample and, hence, did not reflect the pore size distribution. Furthermore, NMRC measurements of mesopore sizes in cement and shale samples have turned out to be challenging [36] .
Xenon is an inert, monoatomic gas having a van der Waals diameter of 4.3 Å. Xenon has two NMR-active isotopes, spin-1/2 129 Xe and spin-3/2 131 Xe. Xenon possesses an easily polarizable electron cloud, which renders the chemical shift of 129 Xe to be highly sensitive to its local environment [37, 38] . The NMR sensitivity of 129 Xe can be increased by several orders of magnitude via spin-exchange optical pumping [39] . Therefore, 129 Xe NMR has been used as an inert probe, e.g., in the MRI of lungs [40, 41] , microfluidic flow imaging [42, 43] , investigation of liquid crystals [44, 45] , polymers [46, 47] , and cages [48] , as well as biosensor applications [49] . 129 Xe NMR has turned out to be especially useful in the characterization of porous media [50] .
Chemical shift of xenon adsorbed in pores provides detailed information about the pore size and geometry, as well as surface interactions in a broad variety of microporous, nano-structured materials.
129 Xe NMR was initially applied to crystalline microporous oxides such as zeolites and clathrates [51, 52] . Later, its application range was extended to amorphous mesoporous materials such as silica [53, 54] , alumina [55] and carbonaceous materials [56] . It has been demonstrated that the introduction of a liquid or solid medium into a mesoporous material slows down the inter-pore exchange of xenon, 5 which facilitates the determination of pore size distribution [ 57 , 58 , 59 , 60 , 61 ] . 129 Xe NMR spectroscopy has successfully been applied to investigate natural samples such as soil [62] , clays and pillared clays [63] , coals [56] and stones [64] , and it is has also been exploited to determine the lattice boron content [65] . The experimentally determined correlations between the chemical shift and pore size [50, 51, 54, 55, 61] may be used for the characterization of unknown pore structures. Naturally, such correlations between 129 Xe NMR parameters and porous characteristics are complicated by many factors in samples such as pore heterogeneity, organic functional groups, the presence of paramagnetic compounds, occurrences of xenon exchange between inter-and intraparticle void spaces, texture and composition [50] .
Here, we use 129 Xe NMR to characterize cement and shale samples. To the best of our knowledge, this the first time the method is applied to these materials. 
Materials and Methods
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Materials
Commercial anhydrous cement was purchased from BASF. Three samples were hydrated and prepared using an initial water/cement ratio of 0.1, 0.3 and 0.5; thus, the samples are referred to as C0.1, C0.3 and C0.5, respectively. After a 4-month hydration period, the cement samples were stored in closed containers at constant temperature (20 °C and 100% relative humidity).
Before the NMR experiments, the samples were ground and sieved until most of the material passed through a 63 μm sieve.
The black shale core samples were collected from the Cambrian-Silurian strata at the Low Yangzi Plateau in China. This source is well known for the sedimentary facies with abundant organic materials, which are the most important exploration targets for shale gas in China. One of the shale samples under investigation was from Hubei Province of China, while two other samples were from Chongqing. Although belonging to the same strata, the distance between these two locations is over 500 km. The three shale samples were labeled as HU234, CH2175 and CH3634, where HU and CH refers to Hubei and Chongqing, respectively, and the number corresponds to the depth in meter, from which the sample was drilled. Before the NMR experiments, the shale samples were ground and sieved using the same procedure as the cement samples.
129 Xe NMR experiments
Ground cement or shale samples were inserted in a 10 mm heavy-wall NMR tube, and dried overnight in an oven, in vacuum at the temperature of 70°C. Thereafter, a proper amount of 129 Xe isotope-enriched (91%) xenon gas was condensed into the NMR tube by immersing the tube in liquid N2, and the tube was sealed with a flame. The xenon pressure in the tube was ca. 4 atm. 129 Xe NMR spectra were measured out using Bruker Avance III 300 spectrometer with the magnetic field of 7.1 T, 129 Xe frequency of 83 MHz and a 10-mm BBFO probe. Temperature series (from 225 to 300 K) were measured with a temperature stabilization time of 30 min with about 7 10 K steps. The reading temperatures were calibrated with standard Bruker samples. 129 Xe chemical shifts were referenced with respect to low-pressure Xe gas. The spectra were measured using the spinecho pulse sequence. The lengths of the 90° and 180° pulses were 36 and 72 μs, and the delay  before and after the 180° was 1 μs. The number of accumulated scans was 1026 and 4096, and the recycling delay was 1 and 0.5 s for the cement and shale samples, respectively.
Two-dimensional 129 Xe EXSY spectra of the cement samples were measured using
Bruker Avance III 400 spectrometer at the magnetic field of 9.4 T, 129 Xe frequency of 110.7 MHz and a 10-mm BBFO probe. The length of the 90° pulse was 41.6 μs. The number of accumulated scans was 1024, the recycling delay was 0.5 s, and the mixing times τmix varied from 0.5 ms to 100 ms.
Results and Discussion
FESEM, EDS and XRD analysis
Field Emission Scanning Electron Microscope (FESEM) and Energy-Dispersive X-ray Spectroscopy (EDS) analysis showed that the texture of the cement samples is much more homogeneous than that of the shale samples. No paramagnetic impurities were detected in the cement samples. According to the X-ray diffraction (XRD) analysis, the shale samples were mainly composed of clay minerals such as kaolinite, illite, and montmorillonite, as well as ∼10 wt % or more of very fine-grained quartz and feldspars. Calcite and dolomite were also detected in the XRD analysis. The content of paramagnetic Fe/Mn-bearing minerals such as pyrite [67] was below 4 wt %.
129 Xe spin echo NMR spectra of the cement and shale samples at 290 K
129 Xe NMR spectra of xenon adsorbed in the cement and shale samples, measured in the standard way with a 90 excitation pulse followed by the detection of the free induction decay 8 (FID) signal at 7.1 T field, resulted in a distorted background of the spectrum. The problem was especially severe in the case of the shale samples due to their paramagnetic impurities, and it was difficult to resolve the true signals from the background distortion. The distortions were efficiently eliminated using a spin-echo experiment, in which the delay  before and after the 90 refocusing pulse was 1 s only due to the short T2 of adsorbed 129 Xe. We validated that we do not mix true signals with background distortion by comparing the 129 Xe spectra of the shale samples with and without xenon.
129 Xe spin-echo NMR spectra of the hydrated cement samples measured at 290 K, are shown in Fig. 1a . The spectra include two signals: an intense signal at around 5 ppm chemical shift,
arising from the xenon gas within the large material pores, as well as the interparticle space, called free gas signal, and another, weaker but broad signal around 30-50 ppm from xenon adsorbed in mesopores. The correlation between the chemical shift of 129 Xe and pore size determined using silicabased materials [54] implies that the size of these mesopores is between 10 and 50 nm, being in agreement with the pore size distributions obtained by N2 gas sorption measurements. The chemical shift of the mesopore signal of C0.1 is larger than that of the two other samples, which suggests that the size of mesopores is smaller in this sample than in the others. This may be a consequence of the low initial water/cement ratio of the C0.1 sample, which resulted in a lower degree of hydration and, consequently, smaller pores.
129 Xe spin-echo NMR spectra of the shale samples are shown in Fig. 1b . The spectra include an extremely broad signal, extending from about -300 to 300 ppm. Strictly speaking, the spectra shown in Fig. 1b are sums of two spin-echo experiments carried out with different carrier frequencies, which were at 0 and 200 ppm. The excitation range of the 180 pulse with a pulse length of 72 s was only about 300 ppm, and therefore the full frequency range was not observed in a single experiment, but it required at least two experiments with two different carrier frequencies. 9 Experiments with a broader range of carrier frequencies (not shown) confirmed that the spectrum shown in Fig. 1b covers the entire signal range. Because the excitation ranges in these two experiments were partially overlapping and the excitation profiles were not constant over the whole signal region, the spectra are weighted by the overlapping and excitation profile. Regardless of these issues, the spectra provide qualitative representation of the 129 Xe chemical shift ranges in the samples. derived the following empirical correlation:
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Here, S is the chemical shift of 129 Xe adsorbed on the surface of the pore, D is the mean pore size,  is the pore geometry factor (equal to 4 for cylindrical pores), R is the universal gas constant, T is the temperature, K0 is the pre-exponential factor, and Q is the effective heat of adsorption. According to this model, the chemical shift increases with decreasing temperature, because the guest population in the adsorbed site increases.
Fits of Eq. 1 to the experimentally determined 129 Xe chemical shifts of the mesopore signals of the cement samples, are shown in Fig. 2d , and the resulting parameters are collected in Table 1 . The heats of adsorption, about 12 kJ/mol, are the same for all the cement samples within the experimental error, and the value is within the range of the heats of adsorption determined for silica gels (8-21 kJ/mol [53]). The fitted chemical shift of 129 Xe adsorbed on the surface of the pore, about 240 ppm, is also independent on the sample within the experimental error. The value is much larger than those determined for silica, alumina and MCM-41 materials (1163, 1179 and 12012 ppm, respectively) [54, 55] . This may be a consequence of the different chemical structure of the pore surfaces as well as the very heterogeneous pore structure of the cement samples. Xe NMR spectra of the shale samples are shown in Fig. 3 .
Lowering the temperature from 290 to 230 K did not significantly change the shape and frequency range of the spectra. The positions of both the two maxima moved slightly toward higher chemical shifts (to the same direction, left in Fig. 3 ) with lowering temperature for all the shale samples, but the change was smaller than in the case of the mesopore signal of the cement samples. In the case of HU234, the amplitude of the smaller (negative) chemical shift maximum decreased significantly with lowering temperature, but the two other samples did not show similar behavior. Table 2 ). The chemical shifts of the mesopore signals imply that the size of pores are smaller in the C0.1 sample than in the other cement samples (see above). The exchange rates, in turn, suggest that these smaller mesopores in C0.1 have a better connection to the free gas site than the larger pores in the other cement samples. This may indicate that the mean distance between these sites is shorter in C0.1 than in the two other cement samples due to the lower degree of hydration. Parameters resulted from the fits of two-site exchange model to the amplitudes of EXSY signals of the cement samples. XF and XN are the relative populations of free gas and mesopore sites, respectively, kFN is the exchange rate from the free gas site to the mesopore site, kNF the other way around, and k is the overall exchange rate (k = kFN + kNF = kFN/XN = kNF/XF). 
Conclusions
We Xe NMR has turned out to be a useful tool in the characterization of cement and shale materials of utmost importance in modern society. In the future, combination of the experimental method and state-of-the-art modeling of paramagnetic effects on the NMR parameters [71] is expected to provide detailed insight into the surface chemistry of such materials.
